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SECTION 1

INTRODUCTION

The ultimate objective of the Northrop/AFWAL prozram in Reference 1-1
is to develop an analytical methodology to predict the ctrength and lifetime
of bolted composite and metallic structural components, The Jdevelopment of
a strength analysis for plates bolted by many fasteners involves: (') an
analysis that computes the distribution of an applied load among t-e various
fasteners in a bolted plate; and (2) a strength analysis that can be applied
at every fastener location, The second analysis addresses a segment of a
bolted laminate that includes a single fastener, and is the subject of this
report. Figure l-l1 presents a schematic vepresentation of all the analytical

steps involved in the strength prediction of bolted structural components .

At the initiation of the Northrop/AFWAL program (Reference }~1), BJSFM
was the only available computer code that performed a strength analysis of
a bolted laminate that transferred loads via a single fastener, Reference 1-2
presents the details of the analysis that is performed by the BJSFM code.
The BJSFM analysis can be used to approximately predict the strength of bolted
joints when (1) the fastener loads have already been computed using other
analyses, (2) the fasteners are not too close to one another or to a neighboring
cut-out, (3) the fasteners are rigid and their displacement with respect to
the plate is uniform in the plate thickness direciton, and (4) the first ply

failure at a fastener location essentially precipitates joint failure,

The conditions mentioned above severelylrestrict the application of the
BJSFM code as an analytical tool in the design of bolted structures. An im-
proved strength analysis was developed in the referenced Northrop/AFWAL pro-
gram to overcome most of the limitations in the BJSFM analysis. Details of
this improved strength analysis, programmed to be the SASCJ (Strength Analy=is
of Single Fastener Composite Joints) computer code, are presented in the

following sections,
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From an analytical standpoint, the major limitations of the BJSFM

analysis are:

(1) It assumes the planform dimensions of the bolted laminate to
be infinite (L and W #o in Figure 1-2),

(2) 1t circumvents the bolt/laminate contact problem by assuming a
codinusoidal bearing load distribution over half the hole boundary. It also
ignores the effect of friction between the fastener and the laminate (see

Figure 2-1),

(3) It does not account for the effect of many joint parameters
that render the two dimensional analysis inaccurate., Load transfer in a
single shear situation, for example, is assumed to be equivalent to a
double shear situation. The fastener 1s also assumed to be rigid in shear

and bending, and the effects of fastener torque are ignored,

(4) Joint failure is assumed to be precipitated by the first ply
failure, each ply is assumed to be linear elastic to failure, and ply
failure modes are not predicted. Consequently, a comparison between pre-
dicted joint strengths and measured values exhibits a poor correlation in

many situations,

The SASCJ code discussed in this report overcomes all the above
BJSFM limitations with the exception of item (2), In overcoming these
limitaticns, an improved two-dimensional plate analysis, a fastener analysis

and a progressive failure analysis were developed,

A brief summary of the program contributions to the strength analysis
of bolted composite and metallic plates, via the SASCJ code, is presented in
Table l=1. These accomplishments represent a significant improvement over
the state of the art at the program initiation stage (the BJSFM computer
code), and aided the development of a validated strength analysis computer
code (SASCJ).

Section 2 describes the two-dimensional analysis that accounts for
the influence of finite planform dimensions on the solutions for a plate

bolted by a single fastener, Section 3 presents the fastener analysis that
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Table 1-1.

SUMMARY OF PROGRAM CONTRIBUTIONS TO THE STRENGTH

ANALYSIS OF PLATES BOLTED BY A SINGLE FASTENER

Prior to Program Initiation

Program Accomplishments

Available Strength
Analysis Computer
Code

BJSFM

SASCJ

Bolted Plate
Geometry

Planform dimensions are
assumed to be infinite.

Actual (finite) planform
dimensions are accounted
for.

Bolted Laminate
Layup

Analysis is independent of
(iznores) laminate stacking
sequence.

Analysis accounts for
the actual laminate
stacking sequence.

Fastener Properties

Fastener is assumed to be a
rigid, frictionless pin.
Its bending and shear effects
are ignored.

Fastener flexibility
(bending and shear)
effects are accounted
for.

Fastener Torque

The effect of fastener
torque is unaccounted for.

Fastener torque effects
are ircluded in the
fastener analysis.

Load Eccentricity

Analysis only represents
a double shear load trans-
fer situation

Analysis differentiates
between single and
double shear situations.

Strength Prediction

Prediction is based on first
ply failure, and demonstrates
a poor correlation with
measured strengths.

Prediction is based on a
progressive failure
procedure, assuming two-
stage ply failures, and
agrees well with
measured strengths.




-accounts for fastener(fle'xibil'it'y, load eccentricity and fastener torgque.
‘1Sé'¢tidn Afd‘es,Ctibes the developed failure procedure that assumes nonlinear
“ (b‘ili‘r'jear)‘,pyly'»_\behavior and predicts the progression of local (ply) failures
“until the joint‘ cannot cai‘fy any additional ioad (joint failure). Section 5
dembnéffates an. excgllent agreement between SASCJ predictions and test results

- from Referénqe, 1~1, validating the improved strength analysis,




SECTION 2

TWO-DIMENSIONAL ANALYSIS OF A FINITE LAMINATED
PLATE BOLTED BY A SINGLE FASTENER

As discussed in Section 1, a two-dimensional analysis of a finite
tolted laminate is a primary regquirement in the development of an analysis
~hat predicts the scrength of bolted laminates. In the following sub-sections,
a brief description of the two~dimensional analysis developed in Reference 2-1

is presented along with saﬁple predictions.

2.1 Governing Equation

The two-dimensional stress field in a finite bolted plate is expressed
in terms of the Airy stress function F(x,y) that automatically satisfies
equilibrium equations everywhere in the plate domain. The corresponding
displacement solution satisfies compatibility requirements when the following

equation is satisfied by the stress function:

- -2 +
3)2Fsxxxx = 2326Fixxxy T (2312 * 266)Frxxyy T P16Fxyyy

allF’yyyy =0 (2-1)

where a,, are laminate compliances as defined in Reference 2-2, Equation 2-1

ij
is the governing equation for the problem of interest,

2.2 Complex Variables Approach

A complex variables approach, described in Reference 2-3, 1s undertaken
‘to obtain the solution to Equation 2-~1, This approach has been pursued by
other investigators to solve similar problems (see References 2-4 to 2-7),
Equation 2-1 can be written as follows, in terms of four iinear differential
operators of the first order:

D,D,D,D,F = 0 (2-2)

where Di (1=1,2,3,4) denotes the linear differential operator

) 3
Dy = 3y "M 3 (2-3)
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and My ate»thevtoote‘of‘the following characteristic equation:

4 3 , 2
11“ - Zal6u + (-a + 366)u - 2a26 + a,, = 0 (2-4)

“For physically meaningful values of the constants a, 13 two solution types are
possible"

(1) The roots of quation'Z-é are two pairs of complex conjugates:

s By =S,y = T, and y, = T (2-5)
whereia‘oat denotesua,complex conjugate, and 8, 6>0.
;(l) Tne roota are pairwise equal'
) Tyt a+8i, Uy = Uy = ¢ BL (820) ~ (2-6)
gfot"an,isotfooicvplate,jﬂl.-.uz N G
Rewrite Equation 2—2 as, folloos.
| %, %) |
D,F = B33 D3 % F gz' DyDy DF = 81' DE Ty MR O (2-7)
The solution to, the last equation may be written as:
»ﬁlltf.fé - F (x+uly) (2-8)
‘.’fhe genetal‘solution for F may then be written as:
l(l) In the case of different complex roots,
,,VF = Fl(x“ll-}lly»)i'-f-.l"z(xfuzy)rf F3(x+uly) -F»VF‘.(x-‘I-TJ.Zy) ’ (2-9)
.(2) ln the‘case of pairwise equal complex roots.
: ‘; 1.- = Fl(x-l-uly) + (x+u1y) F (x-mly) + (x-i-uly) + (x+u1y) (2-10)

F4(x+u1y)
S 1, Fz, F3 and Fa are arbitraty functions of the correspondins variables.
'vf.Redefining these vatiables as'v
2y = ,x+u1y., x " - Uy, 7 m oy, T, m Y, (2-11)
:v and’tecognizing that the stress function i- a real function of x and y,

Equations 2-9 and 2 10 may be written as:
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(1) F = 2Re [Fl(zl) + Fz(zzﬂ when the roots are different, and (2-12)

(2) F = 2Re [Fl(zl) + lez(zlﬂ when the roots are equal. (2-13)

In the computer code developed to do this analysis (FIGEQM), the
properties of an isotropic plate are perturbed very slighty so that only the
solution case with unequal roots have to be considered. For this case, the

following new complex fuactions ¢1 and ¢2 are introduced for convenience:

dFl sz
¢l(21) = E;I. ¢2(zz) = E;; (2-14)

Derivatives of these functions are denotea as follows:

'(z)-nilibl nd ¢ )-ﬂz— (2-15)
1% "4z ame %t%) T4z,

Equations 2-12 and 2-14 provide the following expressions for stresses

and displacements in the plate:
2! 2!
o = 2Re [U®;(z)) +130,(z))]
\J \
o, = 2Re  [¢)(2)+ ¢)(2,)]

Tay = 2R [ 8 (2)) + 1,8(2))) (2-16)

u = 2Re [pldbl(zl) + p2¢2(22)]
v = 2Re (ql¢1(zl) + q2¢2(22)]
where Py» Pyr q and q, are the complex constants defined below:
-a, s - - 2 , -
Py = apky F 855 = a1k Py T 8yl F Ayt a6l

(2-17)
9 = Aol e/l - ay qy = el ta,,/uy) - ey
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L " Any express1on for F in terms of arbitratily .assumed ¢1 (z ) and

f~¢2 (22) functionv is a solution to the tdo—dimen51onal problem, provxded these
;‘expre551ons satisfy the: apprcpriate boundary conditions. Recall that

f ol (z ) and (zz) automatically satisfy the governing equation. The problem
cof 1nterest inv0lves a finite anisotropic plate with a loaded or unloaded
':circular or’ elliptical hole (see Figure 2-1). " In general, for arbitrary
‘f,geometry and boundary conditions one cannot determine closed form solutions
;nsfor ol and ¢2 One method of obtaining approximate solutions is to consider

-~ series expansions of the functions with unknown coefficients. These unknown
coefficients are then determined by satisfying the boundary conditions approxi-
‘mately. In. contrast to series expansions in z1 and 2,5, faster convergence 1is

f7eobta1ned if series expansions are assumed in coordinates & and 52, obtained

'f;by u51ng the following mapping functions.
e.f‘tff ,»fzw.'J‘zf,-‘a?'-vfb%/h-fw'w =1
= (zz+ Jz -a' -vé 2)I(a fvzb) =3 - (2-18)

ln a laminate with a circular or ‘an elliptical hole. the internal boundary gets

ftransformed to an ellipse in the z1 - zz plane (see Equation 2-11)., The
,,'functions in Equation 2-18 map the internal boundary to a unit circle in the
f:gl - 52 plane, and the physical region of the laminate to the exterior of the
“unit circle (see Figure 2-1),. The signs of the square root terms in Equation
’.2-18 are chosen such’ that the internal boundary is mapped un to the unit circle.
‘v-Note.that:these mapping functions are analytic functions, and hence the mapping

is‘conformal.
In ‘the El - 52 plane, ¢l and ¢2 are assumed to be the fcllowing modified

laurent series expansions.“vv

:3'¢‘(E]) =a 1nE1 + t (u El +a 51)u
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and 8 are complex coefficients vhich are determined

"In the above expressions, a

v i
}so as to satisfy the boundary conditions. The logarithmic terms drop out if the

;4force resultants on the 1nternal boundary are zero (see Reference 2-7).

‘ . _ , .
~The stresses <. ons or ol and ;z,and these derivatives are expressed

as:

o;.- (a; +d I (noAE?'e;no;nﬁin))/ sz-az-usz

LI
VQZ ) (SO * nf;(nﬁngén sns_nﬁsn))/ Zg-az~v5b2 o (2~20)

',In specific cases, the above expressions siwplify. For example, in the solu-

~tions for infinite plates, the positive exponent terms drop out as the stresses
',have to be bounded at infinity. ror ‘most infinite plate problems, the solu-

tions reduce to a one term solution (see Reference 2-3),

_ In the general case of a finite anisotropic plate with a loaded or un-
r¢,1oaded hole, the coefficients can be numerically calculated to satisfy the
L_boundary conditions.. Genera‘ly, a convergent ‘solution is obtained by truncating

the series in Equation 2-19 as follows.

“;.* ”';.”*'_ VZN ‘ n _ A '

¢] - oor'lnﬁl‘ +n£1 (.v“-in;l* + an’g‘)

o gtne, + £ (865" + 8 €
IR AR e L R n=2 (2-21)

»'xh order to determine the finite number of unknown coefficients, we can

i‘select the same’ total number of poi1ts on the inner and outer boundaries, and

v compute the unknown coefficients by satisfying the boundary conditions exactly

}fff.at these points. However, 1n this case, the calculated solutions at other

‘_iboundary points are significantly different from the imposed boundary condi-
'-,tions (see Reference 2—4).~ ‘AS shown in Reference 2-4, a more desirable
»‘approach is to. choose a larger number of boundary points than the number of

:1bunknown‘coefficients,_snd to ‘satisfy the boundary conditions at these points
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in a least squares seuse. This solution prccedure has been adoptéd in the
analysis in Reference 2-1. Prior t: applying the least squares boundary

ccllation procedure, the single-valuedness of the displacements and the rigid

body rotational counstraint have to be imposed.

2.3 Single-Valuedness of Displacements

In the series expansibns for ¢1 and ¢2 (Equaticn 2-21), the logarithmic

rerms are multi-valued and give rise to rulti-valued displacements., To be
physically meaningful, the displacement functions have to be single-valued,
and these conditions have to be explicitly imposed on the coefficients of the

logarithmic terms.

From Lr:ations 2-16 and 2-21, the contributions of the logarithmic terms
to the displacements u and v are seen to be 2Re(pluoln€l + pZBOInEZ) and
2Re(q1a01n£1 + qZBolnﬁz), respectively. Tor the displacements to be single-
valued, the increment acquired by the above functions in describing the internal

boundary should be zero (see Reference 2-8). On the internal boundary,
- it 27
]glf = ”2' =], and CI = 52 = e, Therefore, Re {plao(ie) + pZBO(iO)} Io =0

and Re{qlao(ie) + qzeo(ie)} |§“ =0. Or,

In(pjay + PyBy) = pra, + p,B, - -5]50 - 3Z'Eo =0
Im(ayoy *a8,) = @ydg + pf; - G2, - T8, = 0 (2-22)

Imposition of the above two conditions will ensure that the computed displace-

ments are single-valued. Equations 2-22 eliminate two of the unknown constants:

Go' [(pza]'qZ‘i] )EO + (pz‘az'q2$2)-6°]/(q]pz'qZp]) (2-23)
BO = [kq]PIJHIP])EB + (qlié‘azp])Es]/(q]pz°qul) (2-24)
13




‘ 2.4 Zcro‘Rigid Body Rotation

The rotation @ of an infinitesimal element at any point (x, y) in the

laminate is given by

G 'w(x ) 3u v ¢ |
l- .y . % 8y (2-25)
Using Equation 2~ 16
w(x,y) - Re {(u1 -q1)¢1 + (uzp2 q2)¢2}
,/2 2
. .=Re {(u p1 ql)a [z !l l-a =4 b + 1/(a~1iy b)]
| 2 Z z 2
' - -up°  + 2P
- (u2p2 W8 5 r 1/a-tup] }
‘?1+A£e:ms_invol?ihg £1fand 52 with negative and positive exponenﬁs >2
(2-26)

“+ terms which are'functions of x: and y (i.e., are not constant)

« For the rigid body rotation of the laminate to be zero, the constant term

‘ﬁ‘mabove should be zero. Hence,

 (ugPy=9 Jag /(0= b) + (pPy=0,y)B /(e t,0)
GBI /(e 4EB) ¢ (igB,T)E, /(astiig) =0 (2-27)

"' This eliminates one more unknown constant:

o R e T L T
o Wb ziz_bZ B+ —L}—"“\ ¢ 222
T R [ T ey T e 229
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2.5 Least Squares folution to an Over-Determined System of Linear Equations

Consider the following over~determined system of linear algebraic

equations:
[A] (x} = {v) (2-29)
where {A] s M x N, {x} is Nx 1, and {b} 1s M x 1 in size, and M > N.

The least squares solution, i.e., the solution that minimizes the sum

of the squares of the error in each equation, is given by:

2
e £((2A1.x) bi) )J= 0 for k=1,2,...N (2-30)
k \i=1 §=1
or, :
M N
L (ZAyxs-b A, for k = 1,2,....N (2-31)

The above N equations can be combined to produce the following matrix equation:

[A]T [A] x - [A]T {p} = {0} (2-32)
The least squares solution is then expressed as:

I (ORNC RO RR S (2-33)
2.6 Least Squares Boundary Collocation Solution Procedure

Consider the finite anisotropic plate in Figure 2-1. If it has an un-
loaded hole, every point on the hole boundary is stress~free. That is, the
normal and tangential stress components (or and Tre) are zero along the
boundary. In this case, the applied loads on the external boundaries are
self-equilibrating. Let a total of M collocation points be selected on the
hole boundary and the external boundaries. At each point, the normal and
shear stress components are known. Using Equation 2-16, all the 2M boundary
conditions are written in terms of the unknown constants in Equation 2-21.

Stress boundary conditions on the hole boundary are transformed from the r-0

15



:1coordinates in which they are. easily specified to the x -~ y coordinates in
' efwhich Equation 2- 16 is expressed using appropriate transformation equations
"l(see Reference 2-2) The 2M boundary~conditions are expressed in matrix form

:asi

2Re ([B] {6}) = R} “ , | (2-34)
T el | : _
or, [3 Blyz T W , » (2-35)

';wherek[B]» is‘a 2M x‘(4N+2) complexbmatrix; {8} 1s a (4N+2) x 1 vector of
. the unknown complex coefficients (a- N) e O s @ seneeOps B N""’B 81,..8 ),
'V"ann {R} is a’ 2M x 1 real vector that contains the specified boundary values,

e Imposition of the displacement single-valuedness and zero rigid body
b,;»rotation conditions (Equations 2-23, 2-24 and 2-28) eliminates three unknowns.

”fosing the: form in Equation 2-35, the vector of unknown complex coefficients

‘»;jreduces in size from (8N+4) xul to (8N+1) x 1. The reduced system of equations

'fis written as.

[C] {‘7} = {R} ’ ﬁk : (2-36)

. j‘where [C] is a 2M x (8N+1) complex matrix and {7} is the vector of 8N+l un-

: H,eipnown complex coefficients (a oN? o NP aN’ N’ B RUEREEY BN’ except o ,

}and B ) Pre-multiplying equation 2-36 by [C] » 1ts least squares solution is:

»v‘ﬂf,:?{{v}"=([C] [c]) [c] {R} o . - (2-37)

Once the complex coefficients in Equation 2-2]1 are determined, the

‘tinstresses and the displacements are calculated using Equation 2-16. The
,]iaccuracy of the solution is determined by recalculating the stresses at the
';boundaries and comparing them to the imposed boundaty conditions. As dis-

’ “cussed . later, an N value of 7 and approximately 100 points on the boundary
*iare sufficient to recover the imposed boundary conditions with 5%. .

CIf the anisotropic plate in Figure 2-1 has a loaded hole, the assumptions

*1emade in. Reference 2-9 are retained. ~The fastener is assumed to be frictionless

i_,and is assumed to bear over half the hole boundary. The fastener/laminate

- “j?contact problem is. by-passed and the contact solution is assumed to be a’

*;ffcosinusoidal distribution of ‘the radial stress (0,) around the hole (see

16




LPREE B LI e

ACOEIAM RN, ST SR AR L R

T W

-

Figure 1-2). The tangential stress (1}9) is zero around the frictionless hole
boundary. Results from recent investigations (References 2-5 and 2-6} indicate
that the contact problem could affect the local stresses significantly. Never-
theless, once the contact stress conditions around the hole boundary are com-
puted and incorporated into the least squares boundary collocation solution

procedure, the two-dimensional solution is computed as explained earlier.

The discussed boundary collocation solution procedure has been pro-

grammed to be the FIGEOM (Finite Geometry) computer code (see Reference 2-1).

2.7 Effect of Number of Terms in the Assumed Series

The FIGEOM computer code was initially used to determine the effect of
the number of terms in the assumed series expressions (N in Equation 2-21) on
the computed solution. For this purpose, a 50/40/10 laminate (from Reference
2-10) with a 1/4 inch diameter unloaded hole was considered. The laminate was
subjectr.d to a tensile loading as shown in Figure 2-2, and o, (0,D/2)/0o was
computed for various values of N. The width of the laminate was assumed to be
small (W/D=2) to influence the computed % (0,D/2) value. A plot of o,
(O,D/Z)/oo versus N indicatzs that tne solution coverages when N exceeds 6 ig

value (see Figure 2-2).

Similar studies were also conducted on other laminate layups and on
metallic plates. For large W/D and E/D values (outer boundaries located with
respect to the center of the hole by distances in excess of 4D), a smaller N
value (N < 6) yields a converged solution. Based on these studies, N was set
equal to 7 for subsequent analyses, to ensure converged solutions under all

situations.

2.8 Effect of Number of Collocation Points

Let NH be the number of collocation points along the hole boundary,
and let NR be the number of collocation points on the remote boundaries, The
total number of collocation points, M, is then equal to NH + NR. Referring
to Section 2.6, M has to be greater than 4N + 2, where N is the number of terms
in the assumed stress functions (see Equation 2-21)., When N = 7, M has to be

greater than 30,

17
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Cones ler a 50/40/10 laminate subjected to a static tensile load in

double shear (see Figure 2~3)., The applied lcad is fully resisted by the
fastener. Three situations are analyzed to evaluate the effect of the number
of collocation points on the convergence of the solution. The first situation
involves a 5/16 inch diameter hole and a laminate geometry defined by E/D = 1.2
and W/D 1.6. The second situation involves D = 1/4 inch, E/D = 1.5 and W/D = 2.0.
The last example considers a laminate with D = 1/4 inch, E/D = 3 and W/D = 4.
In every case, the computed ox value at (0, D/2) is normalized with respect to
the applied remote stress value (1 ksi) to obtain a stress concentration value
of K. The results for the three laminate geometries are presented in Figure 2-3.
Every remote boundary contains NR/4 collocation points. It is seen that, when
E/D and W/D are very small (1.2 and 1.6, respectively), K converges slowly with
NR‘ But, when E/D and W/D are not very small (E/D 2 1.5, W/D22), K converges
more rapidly when NR is increased. NH = 30 and NH = 50 provide approximately
the same results (first example). If E > 1.5 D and W > 2D, K changes by less
than 5% when NR/4 is increased beyond a ‘ralue of 10..

“ased on the results in Figure 2-3, subsequent analyses using the

FIGEOM computer code were carried out with N, = 50 and NR/4 = 10, using a

H
total of 90 collocation points, unless specified otherwise.

2.9 Sample FIGEOM Predictions

Having established N, NH
. for solution convergence, FIGEOM is now applied to a few sample test cases

and NR values (7, 50 and 40, respectively)

to demonstrate its predictive capability. The first example considers a
50/40/10 laminate with an unloaded hole (Reference 2-10), subjected to a
uniform tensile loading. The hole diameter is 1/4 inch and E/D and W/D are
small (2). Figure 2-~4 compares the normalized ax (0, y) variation across
the hole, predicted by FIGEOM, with the predictions using two other analyses
(References 2-7 and 2-9). FIGEOM predictions agree weli with those based on
a gimilar anaiysis (Reference 2-7), but a considerable difference is observed
in comparison to the infinite plate solution (Reference 2-9). The infinite
plate solution will be approximately equal to the finite plate solution
(FIGEOM) when E/D and W/D values are much larger than four,

19
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50/40/10 Laminate (Ref 2-10), h = 0,119 in.

“L.= 34n.3.Full bearing in double shear (0.15 in, Al)
‘}ﬁN"? number of collocation points on the remote boundaries
N, = number of collocation points on che hole boundary

P/Wh = 1 ksi

oo

Figure 2-3. Effect of Number of Collocation Points on’
N Solution Convergence.
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E lfﬂgThekeffect of plate width or the W/D ratio, on the stress concentration
i at (0 D/2) s shown in Figure 2-5, ‘The unloaded hole is 1/4 inch in diameter

‘f]and E/D is equal to 3.v Three 1aminates from Reference 2-10 are considered,

ﬁ{:It is seen that the stress concentration is relatively unchanged beyond W/D=4,

‘but increases significantly when W/D is decreased below four.

The effect of the edge distance on the stress concentration u: (0, D/2)

Vi-is shown n Figure 2-6.; In this case, E/D has relatively no effect on the

”strets concentration in all three laminates. If the hole had been a loaded

‘tfhole,‘E/D would have had a more significant effect on K.

:The effects of E/D and w/D on the tangential stress distribution
loaded hole are shown in Figures 2-7 and 2-8., The

around the boundary"”
lufionsgfrom Reference 2-9, in both the figures, correspond to a location

0 02 inch from the hole boundary, and therefore yield lower stress concentra-

; solution-and the finite element solution presented in Reference

*predictions, corresponding to a. location 0. 02 inch away from the

stress oncentrations at 0 = 90

A non-rectangularlnlate geouetry is shown in Figure 2-9, This sample

considers'a laminatedv ug that transfers the applied load to aluminum plates
*QEin‘a double shear configuration. The lug has a 50/40/10 layup, and the effect

‘h‘of R/!'on its stres concentration at Xx=0and ¥= T 1s shown in Figure 2-9.
,ﬁfIn this’ case.N /4 was selected to be 20 instead of the value (10) used in other
Fisample analyses.i The results in: Figure 2—9 indicate that Oy (o,r), normalized

;with resp?ct'to the average bearing stress, decreases when the outer boundary

rﬂis moved.away from t‘e_loaded hole (R/r increases) A rectangular geometry
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1.4

1.2

1.

At a location
0.02 in, from
the hole
boundary

At the ho le__,
boundary

D = 0.28 In,
We 1,80 In.
E «0.78 In.
°bnrlng - P/Dt

60/40/10 LAYUP

N St
Fiuite Element Solution (Ref, 2-9)
intinite Plate Solution (Ret. 2-9)
- . == Finite Width Solution (Ref. 2-0)
= FIGEOM

1 1 i 1 1 1
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oboaring P/Dt
D= 0.25 in.
E/Ds= 9

W/D= 8
60/40/10 Layup
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brg

K =¢g

(0, D/2) /o

X

r = D/2

W/2=R

3 in.

50/40/10 laminate; h = 0.119 in.; double shear load
transfer to 0.155 in. Al plates; P/Wh = 1 ksi

D=1/4 in.; ©

brg

= P/Dh = W/D ksi

NH = 50, NR /4 = 20
Lug as shown above

Rectangular plate with E = R
(Fig. 2-3)

(E/D = R/2r = 1)

] 1 b)Y { 1

el U it

Figure 2-9,

ﬂ/r

o

L4

8 10 30 32

Effect of Lug Geometry on Stress Concentration,
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( f}The difference between the total applled load and the fastener load is referred
;fto as- the bv-pass load. This example represents an isolated fastener location
ftin a: plate that is mechanically fastened to another using many bolts (see
ijFigute 1= 1) Results for three laminates, with D = 1/4 inch, E/D = 5 and

Presented results indicate that the

34 areopresfnted in Figure 2 10

ed holes, developed in Reference 2~1, was discussed. The
‘3boundary collocation technique and computes the solution in a

' Examples were presented to demonstrate the capability of -
»puting the effect of plate geometry on the stress concentra-

Computed solutions were

ion at the bou,dary of the loaded or unloaded holcsr

Though the contact stress

e er/plate contact stress distribution.

vinfinite plat analysis presented in Referen*e 2-9,

28
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'SECTION 3

'FASTENER ANALYSIS

‘ ‘f3ﬂl Introduction -

'feIn the computation of the two dimensional stress state in a bolted plate,
'assumed that the fastener is rigid and that the fastener

n| fdue to inplane loads does not vary in the plate thickness

In most of the practical situations, this

‘ind“configuration.‘ The single lap configuration, due to the
“111 affect the local stress field more

modulus 1s large compared to the bolted plate modu.us, and

eter is 1erge compared to the plate thickness, the fastener

The protrno;ng head

e, Figure 3-4 howe three ei:uatione of interest.
r wit large'epplied torque value (Figure 3-4a) essentially creates
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Figure 3-1, A Double Lap Configuration,
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Figure 3-2, A Single Lap Configuration,
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EI, AG are large compared to
plate EA value

Wi
F |
. } s
e v,=~=ﬁ» o . t
. steel /D . b
= »1

(a) Rigid Fastener -~ negligible fastener bending &
; shear deformation

'EI and AG are comparable
to plate EA

g

;

(b) Flexible Fastener - Measurable fastener bending
' and shear deformation

EA - plate aiiai’étiffness N
iZEI"-}festenet bending stiffness
' GA - fastener shear stiffness

,Figﬁfe[3—3.; Typica1'Rigid,and Flexible Fasteners.
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(a) Fixed - Fixed Conditions (Protruding head fastener --
high torque-up)

po—L QOOQ/_ 7
L L aei

b ———

(b) Fixed - Free conditions (countersunk fastener, — higa
torgque~up)

P} [
\

\
5 .

(c) Free~Free Conditions (pin)

Figure 3-4., A Single Lap Cenfiguration with Various
End Constraints on the Fastener.
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Hole clearance eff ;ts are also obvious from Figure 3-4. 1In the case of

ca free pin, for ample, an initial hole clearance will cause the pin to

.x[‘rotate in pl y

T metallic plate. The discussed analysis is similar in

But, while the analysis in

: ""approach to tha in References 3-1 to 3-3.

\ aminated' olted plate. Figure 3-—5(b) shows a typical contact force

: distr ution in bolted metallic plates._ The resultant of the contact force ; ;5 '

‘ ‘ ion will b fequal to the applied load (P) in magnitude, but will ' | ’ |
; A‘_,e.along the line of action of P. This is because its line . -

ased on moment equilibrium congiderations. A free

The spring constants represent the

;the bolted plate to fasr.enet displacement. In a




LR

a%iT /g

o v o v -

| =

AR B 1 9

(a) Single Lap Bolted Joint
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(c¢) Mathematical Representation

Figure 3-5.
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Typical Fastener/Plate Displacement
Variation

kg

Representation of a Single Lap Configuration
by an Equivalert Fastener Problem.
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fiber orientations. In a metallic plate, the spring constant will be invariant

in_the tnickness directio,.r The variOus springs, with appropriate constants
:assig e ;to each mathematically replace the bolted plates by an elastic

"foundation whose modulus is piecewise uniform in general.

v The three dimensional stress field at the fastener location is, therefore,
' computed by obtaining the’ solution to ‘a mathematical probiem that represents
fa tener as a beam resting on. an elastic foundation with pilecewise

noduli that represent the various plies in.a bolted laminate. The
fastenerlis modeled as a Timoshenko beam to account for bending and shear
deformation effects.f The foundation is represented by a general bilinear
“o"tact 1oad vers‘ ‘deflection curve, to account for a reduced ply stiffness
af er‘an initia ﬂh magef(local failure) is precipitated ‘At the head and
,nut location';of the’fastener, rotational constraints are introduced. These

‘lnstraints are influenced by the applied torque and the size of the washers,

ducing the loa' transferred directly by the fastener. If either of the

easily 1utomated solution procedure. For a symmetric

;location boundary!conditions used otherwise. Solutions are obtained over
the region of contact in each plate, ‘and continuity conditions are enforced
”where the two plates are in contact. The following sub-sections present

edetailsro 'the analysis.,,

3» 3 Governing Differential Equation '

Theﬂfastener is modeled as a Timoshenko beam to account for shear

.
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The coordi-

1for transv rse,shear (V) and bending moment (M) in the fastener.

bolte' plate} areﬁlabeled z and x, respectively. Under-load a plane section

and shear‘deformation. While Y is not a function of

‘e_k ditection. This results in the curved shape for

' cross-sectional area, G 1s its shear modulus, and A

hear cortectionkfactor accounting for nonlinear Tox distribution in the

'otes differ iation with respect to u.. From Figure 3-6, 1t follows
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v' =-q, and (3-4)

= Y (3-5)

M

Again, primes denote differentiation with respect to z. Equations 3-1 to
3~5 yield the following relationships for M, V and y:

M= -EI [¢*" + q/(XcA)] (3-6)
V= -EI [u"" + q'/(cA)] (3-7)
¥ = -(EI/AcA) [u"'-2q'/(36A] ' (3-8)

Equations 3-4 and 3-5 may be combined to yield the ¢ llowirg equilibrium

equation:
M"' = -q (3-9)

Substituting Equation 3-6 into the above equation, the following governing
equation is obtained:

u'""' 4+ q" /(XGA) - q/(EI) = O (3-10)

This equation, where q = q(z), governs the displacement of the fastener.

u'"" = dl'u/dz4 and q'' = dzq/dzz.

3.4 0Nonlinear Foundétion Behavior

The effect of the bolted plate (metallic or laminated) on the fastener
displacement is represented by the transverse loading term q(z) in the
Equation 3-10. The q(z) term is, in turn, linearly related to the fastener
displacement u(z) through the foundation modulus k(z). For the more general
laminated fodndation, the foundation modulus varies from ply to ply, and is
uniform within a ply. k(z) is, therefore, plecewise uniform.

In the developed analysis, every ply is also assumed to be a bilinear
elastic (Hencky) material (see Figure 3-8). This representation of the ply
behavior permits the prediction of a local damage in the ply (when u = uo)
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I‘ani}\t‘.v, PLY FAILURE
- (NS, BRG OR 80)

2 ULTIMATE
(FINAL) PLY FAILURE

Bu, Su)

e - — - ——— — =
. o

PLY DISPLACEMENT, u;

" Figure. '3.-’-8.;7
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that 1s not catastrophic. The ply modulus is kl for 0 < v < u . Depending
on thg type of damage predicted in the ply, its mcAdulus (kz) beyond u = u is
set to be greater than, equal to or less than zero. If ky > 0, the ply
exhibits a hardening behavior; if k2 < 0, it exhibits a softening behavior;

and if k2 = 0, the ply is an elastic-perfectly plastic material. ¥nen u ?,w,ni
takes the value of u* (Figure 3-8), the ply loses its load-carrying capability. o
At this load level, the ply. 1s assumed to have failed totally aad its modulus

and load are reset to zero. Adjacent unfailed plies share the load that is

released by the totally failed ply. ! -

The general ply load versus displacement behavior (Figure 3-8) is
expressed mathematically as:

q(z) = ~ku - W (3-11)
where, = kl for an undamaged ply
= k2 = akl for a partically damaged ply
= 0 for a totally damaged ply
= kl - k2 = (l-a)k1 for a partically darmaged ply
= 0 for a totally aamaged ply
0 for an undamaged ply
=u for a partially or totally damaged ply

elel ® ®l ® =

(kl’ u, k, and u* or pultimate/pinitial) fully define the general ply behavior,
The computation of k1 for the various plies is discussed in the following
sub-section. u, and u* are dependent on the failure criteria used to

predict partial and total ply damage. kz - akl will be established by

assigning o values for the various partial damage types. If the ply behavior

can be adequately represented by a linear elastic approximation, a simplified

form of Equation 3-11 may be used.

4 .". 'l
‘ R v.‘
o, o 4

3.5 Computation of Initial Foundaticn Moduli (k,) for the Various Ply Types :z:};
* AR

If a bolted plate is a laminate, the various fiber orientations in its ‘fzgjs
lay-up determine the number of ply types in tue laminate, assuming all plies fq:q?
tc be made of the same material. A metallic bolted plate has only one ply tj:i:ﬁ
N

type. The initial fouvndation modulus (k1 in Figure 3-8) for each ply type tﬁf}‘}
INERER)
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ork done by the fastener-imposed radial bearing stresses .
'undary (ZW ) to the expression (1/2) P4 ef £ where P is

1 B | |
,1_;1 o hRAB, Cos(6,+ 0.548 i)] (3-‘1‘2)

,platej:hickness direction. Using the appropriate stiffness matrix for each
7ply type and these strains, ply stresses are computed at each collocation
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Figure 3-9. Computation of Work Done by the Fastener Bearing

Stress
n n
P = I AB . -
3 1 0:1 hJ R { Cos (6i + 0.5 Aei) ifltrei hj RAei Sin (6i + 0.5,

{
é
Figure 3-10. Computation of Ply Load.
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Py I, e PR 00, 0 (8,05 00 -

(3-13)

h R AG Sin (9 + 0 5 A8 )

p,Z 'T R

‘The: initialm_oundation modulus (k ) for the § th ply type is then computed
_;using the following -rel. tionship.¢‘

(3-14)

»1 p onfiguration are shown in Figure 3-11. The po:tion -

The load (P) in each

"‘is shown separately.

The shear force values at t. 2

to atief_ifo ce'equilibrium requirementv

18 moment are enforced ‘ Continuity of displacement is not

This is because u (z) represents the fastener/

enforc d‘a ‘this location.;

nlimilar constraint at the other boundary. The constraints

connected joint’(Figure 3-4c), for example, Rl and R2 are set equal to zevxo.




|
,g _z Yé%ﬂ late #2
% 42

5 V..

P 4—-{ Plate 1

Plate #2 / ‘S_’P
: _ é

~_~ TRy

V=0

Figure 3~11. Boundary and Continuity Conditions for a
Typical Single Lap Joint.
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r'a countersunk fastener,‘ 1 is set equal to zero (at the head location).

rFastener torque influences Rl ano R2 values significantly. If a protruding

'i_ chor ‘a highly anisotropic space. In a practical

nal sis and experiment. This exptession will relate

A total of 8 boundary/continuity/symmetry conditions are identified

'for each joint configuration — the single 1ap joint in Figure 3~11, and
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M=M
o

P V =P

%
Plate 2 ’//A _ ‘r_.P

V=29
M= 2tl:--O(ll)-'-oduet:o

Line of
Symmetry symmetry)

Figure 3-12, Boundary and Continuity Conditions for a
Typical Double Lap Joint,




he double lap joint in Figure 3-12 Fpr‘the_singleklap joint (Figure 3-11),

 “fV'= -P’ anﬁéhe plate l/plate 2 interface,,in the plate 1 region
‘*5v = -P at the“ late 1/plate ? interface, in the plate 2 region

(3-16)
: ouble lap Joint (Figure 3-12) the first 6 conditions are the

(3-17)

t éithickness direction of the bolted plates. This

executable aolution scheme that can be economically




\ Plate 1 1

-I-S plies of thickness h

——

tl 9 nodes of spacing h

3
4
b 5
b 6
b 7 j_
b 8
b 9

P =t hi 1

.
JS,-

olio-leo-le

410

4 plies of thick- t‘ 912 )
2

ness h2
8 nodes of spacing _i-

—ip-P

,.3.7_
-4
w)
g
[}
5

Plate £

Figure 3-13. An Example of the Node Layout and Numbering
Scheme in a Single Lap Shear Joint Configvration.

Fastener
head
location

e @
s 1 2

X
[ 4

Figure 3-14. A General Node Arrangement with n Modes in Plate 1

and m Nodes in Plate 2.
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':1‘§Nodal Discretization of the Fastener :

ply sre represented by an equivalent stiffness
corfesponding node in: this approach. The computed nodal displace-
re“use”\in'the calculetioh of the average ply loads. When a ply

! : orresponding nodal stiffness is modified to

is failure. o

.




“f

s

e.

3.7.2 Central Difference Expressions :E:
Assuma that the nodes in a region are separated by a distance h. In :j;

this case Az = h for the region, and the derivatives of the nodal displace- E::
ments with respect to z may be approximated by the following central ?;j
difference expressions, at node i: :
' b L

2hui - -ui—l + ui"“l -__-

2 " ?.__
Rlug = uy g - 29y vy o

3 1o » - (3-18) -

huy mmugp Y2y, gy tuy o

b

ARERL ;f-_a

h uy =y, =4 U + 6ui -4 Ui + Uit ;}i

J LA

ele

The error in the above approximations is of the order of hz. In the example $
in Figure 3-13, plate 1 is divided into n plies that are h1 in thickness, iﬁ
and plate 2 is divided into m plies that are h2 in thickness. hl and HZ %&
must be of the same order of magnitude. ;%
N

It is noted that the difference approximations of derivatives to the oY

fourth order (Equations 3-18) involve a maximum of two rodes on either side

of the node where the derivative 1s approximated. The enforcement of the

governing equation at every physical node, therefore, requires two 'false'

~r T v v -
LAY

nodes on either side of each plate (see Figure 3-13). The boundary/coatinuity/ CE;
symmetry conditions are enforced at the first or the last nodal location in E;
each plate. Referring to these conditions in Equations 3-16 and 3-17, and ;kg
to their relationships to derivatives to the third order of the nodal displace- fg
ment (Equaticns 3-6 to 3-8), it is seen that these conditions also require the Eg
two 'false' nodes on either side of each plate. A general node arrangement k.

-7

for an n-ply plate bolted to an m-ply plate is shown in Figure 3-14. A total

S

o A AT
LN

of 8 'false' nodes are ruguired for the discussed finite difference formulation.

The 'false' nodes are assumed ‘o be mirror reflections about the first

Y
'

physical node at every boundary. Referring to Figure 3-14, node 2 is assumed to

,.
-

have the properties (stiffness) of node 4, and node 1 is assumed to be iden-

b

:
?
g
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'ical olnode 5 Likewise, nodes. h+;, a4, k5, nt6, mr7 and m+n+8 are

nirro: reflections of nodes, n+l, n, ‘n+9 n+8, m+n+5 and m+n+4 respec-

l}A central difference approximation of ‘the governing equation is obtained
incorporating Equation 3-18 and sumilar difference expressions for

by
‘ v The following difference expressions are

£ 78 U1 T

(3-19)

)'ZH‘ u 'k “1) + (kg k418141
1+1 1+1 1-1 1-1 * 2k 8y = kg%

nik

: o i-1 -
1+2. - ¢ AGA Yug
R S :l ok | ,
R 3_, ‘ a o i+l -
\ *(*)\GA':\ ) h k u + (———-MA )uﬁ_l - (3-20)
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At z=0 (fastener head location/ top of the joint)

4 vy =o: 2 2
bk, h
-, + (2 + YN ) u, 2 + Ca ) u, + ug =0 (3-21)
(i1) Ml = Rl\bl:
2
u. - (2R, - 2h.AGA - bR ! N
Ry 174 1R TET \GA 2
3
~(4h)AGA + 2h7k,) ug
hi“l"GA i 1
-(-2R1-2hlAcA + =3 R —-) u,
3- -
-Rlu5 2 2hlk3u3 (3~-22)
At z=t, (joint interlace between plates 1 and 2)
(1i1) \'1 =P
2
hitz +1
1l n -
Yn T 2+ AGA ) Yn+1 2+ ) Yn+3 “Pnts
3
-2h1P
EI (3-23)
(iv) wl = wzz
2 2 2
h
u_(2+h_ll_"ﬁ'}:_._;:‘.x_%_)u +(2+hl.k._ni3_-
n M A EI n+l AGA
2
h 2
1\GA 3 hok
—2n) - - 3 206
ET  "n+3 " Uppg T Byp U t My (24 —op
2
2 hok
h AGA 3 2 nt8 2AGA\u + 3
2 - -
=) Ut ~ P12 @F @ Yet8 T hjou g =0
(3-24)
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3.8 Solution Procedure

The gover..ng Equation 3-20 is enforced at the n+m 'physical' nodes.
Equations 3-21 to 3-28 are enforced at the boundir_ nodes (identified in
Figure 3-14 as nodes 3 and n+2 in plate 1, and nodes n+7 and win+6 in
plate 2). This provides a system of ndn+8 equations that determine the
through~the-thickness fastener displacement. Figure 3-1Z shows a matrix
representation of the problem defined in Figure 53-13 (n=5,m =4), The
functions fG:i) are set equal to zero until the ply corresponding to mode

i is damaged,

The system of mtn+8 equations, in general, is solved for the nodal
displacements by using a standard matrix decomposition or matrix inversion
routine., It 1s seen, from Figure 3~15, that the coefficient matrix to be
inverted is banded in nature. A special purpose Gaussian triangularization
computer code was developed to solve for the nodal displacements. When
the coefficient matrix size is large, this provides an economical means of
obtaining solutions, especially when the solution procedure is repeated

many times to predict progressive failures in the bolted plates,

The finite differeance formulation of the fastener analysis has been
programmed to be the FDFA cu.puter code, Convergence studies on the analysis,
correlation of FDFA predictions with available analytical solutions, and

sample predictions using FDFA are presented below,

3.9 Convergence Study on the Fas:ener Analysis (FDFA)

The number of actual plies in a bolted laminste determines the number of
nodes in the portion of the fastener within that laminate. A physical ply can
also be divided equally into two or more plies of smaller thicknesses, to
improve the accuracy of the solution. Referring to Figure 3-13, if plate 1 is
&2 laminate with n plies, the portion of the fastener within plate 1 can be
divided into £xn segments that are tll(ﬂ.x n) in thickness, where £ is any
integer >1. In Figure 3-13, n = 5and £ = 1.

The effect of the number of nodes per bolted plate on the displacement
solution was studied by considering a steel-to-steel bolted joint example.
The steel plates were 0.125 inch in thickness, and transferred a tensile lcad
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in a single lap configuration via a 0.25 inch diameter steel bolt. The stecl
bolt was sssumed to have a modulus (E) of 30 x 106 and a Poisson's ratic (2)
of 0.30. The stecl plates were assumed to have an effective modulus of

7.68 x 106 psi, and the bolt was assumed to be free to rotate at the head and
nut locations (zero moment or pin conditlons). Figure 3-16 shows the
predicted fastener/plate displacement variation through the thickness of
plate 1, for an applied load of 1000 1bs, when the number of nodes in plate 1
is increased from 5 to 40. It is seen that beyond 20 nodes, the displacement

distribution 1s relatively unaffected.

Figure 3-17 presents the fastener/plate displacement distribution through
the thickness of plate 1, when the 1 kip load transfer is affected in &

double lap configuration. In this case, the properties were assumed to be
the same as those in Figure 3~16, and plataz 2 was 0.25 inch in thickness, The

results in Figure 3-17 also indicate that beyond 20 nodes, the displacement
solution is relatively unaffected.

It is therefore necessary to divide a metallic plate into at least 20

"4dentical "plies" to obtain a converged displacement sclution, which ensures

an accurate prediction of the load disiribution in the thickness direction.
In laminated (non-metallic) plates, a minimum of 30 nodes per plate is

required to obtain accurate solutions.

3.10 Comparison of FDFA Predictions with Available Analytical Solutions
Harris and Ojalvo (Reference 3~1) have obtained analytical solutions for
metal-to-metal load transfer in single and double shear configurations, when

the boundary conditions at the fastener head and nut locations are restricted

to zero moment (free pin) or zero slopc (rigid head or aut). Predictions

made by the finite difference fastener analysis (FDFA) c>de in SASCJ were

compared with the results in Reference 3-1 to establish the validity of FDFA,
The first example selected for the correlation study is a single shear

situation with no rotational constraint (zero moment or free pin condition)

at the fastener head and nut locations. The bolted plates are 0.125 inch

thick steel plates, and are assumed to have an effective modulus of 7.68 x 106

psi. The steel fastener is 0.25 inch in diameter, with E = 30 x 106 psi

and v = 0,3. The fastener is assumed to be a flexural beam in one case (rigid

in shear), a shear beam in the second case (rigid in bending), and a completely
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For the f‘exural beam, the analysis in Reference
-1 et GA to be 1nfinite in magnitude, and FDFA assumed AGA to be 1010 11s.

tigid oeam in,khe third case._

A comparison '

psi.

ation (top of plate 1) toward the nut location. For the

a two-dimensional analysis of the plate. P is the applied

Tar che unknown,displacements. Nevertheless, FDFA predic—

v,_;: \ the‘analysis in Reference 3-1 demonstrate an

Ihe le, example considered for the validetion of the FDFA code is a
double shear situation where two 0 0625 1nch thick steel plates (labeled 1
in?Figure 3— 2)‘transfer the applied ead to a 0.125 inch thick steel plate
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R

(labeled 2 in Figure 3-12) via a 0.25 inch diumeter steel fastener. The
fastener is assumed to be completely rigid (EI and GA + ), and is assumed to be
free to rotate at the head and nut locations (zero moment conditiors). The

FDFA code represented a rigid fastener by increasing 1ts modulus from
30 x 106 to 30 x 10lo psi. The analysis in Reference 3-1 predicted a uniform

_ load distribution (th/P =1 for 0 < z/t1 < 1). The FDFA code also predicted

a uniform load distribution (th/P = 1.034 for 0 < z/t1 < 1), and indicated
a 3% error in the recovery of the applied load.

The FDFA code, therefore, predicts aqcurately the closed form solutions
for the discussed joint situations. The error in the FDFA predictions is
restricted to within 5 percent, and the FDFA code is also applicable in
situations where closed form solutions are difficult to obtain. These
include non-metallic bolted plates, and general elastic constraints at the

fagtener head and nut locations.

3.11 Effect of Single and Louble Shear Loaa Transfer on the Through-the-Thickness

load Distribution

The difference in the through-the-thickness load distributions between

single and double shear load transfer situations is demonstrated in Figure 3-18,
In this case, the bolted plates are made of 3teel, and the 1/4 inch diameter

steel fastener is assumed to be free to rotate at the head and nut locatfons.
The load intensity in a ply is quantified by -ku (1bs/in), and the load
intensity for a uniform distribution is expressed as P/tl (1bs/4in) for the top
plate (plate 1). The load intensity ratio - kutllr, therefore, is & measure

of the variation from the uniform distribution. Figure 3~18 indicates that the
load intensity ratio varies between -2 and 4 for the single shear situation,
and is approximately 1 (near uniform distribution) for the double shear
situation.

If the fastener hesd and nut locationr are constrained against rotation
(zero bending slope), the single shear situation also results in a near uniform
load distribution (see Table 3-2). In practical joints, rotational constraints
at the fastener head and nut locations are introduced by the washers, and are
influenced by the fastener torque (ree Section 3.6)., Regardless of what the
empirical elastic constraint equatiors are at these locations (M = RY), the
load intensity ratio will be approximately uaity in jzactical situstions, and

63



- R  *uOFINqTIISTQ PEOT SSIWIOTUL
-ySnoyy ay1 uo 1aFsueil pec] IvAYs ITqnog pue TBUTS JO 32337 “GI-€ SINIHA
: g v | |

3z
9°0 "0 z°0 0°0

(0 = Cy = Yy {SUOTITPUOd JudmOW

S W

013z) 238301 03 231] dI€ SUOFILIOT Inu

pue peay 19uayse] ay3 ‘sased y3joq 303 1 0°¢-

~ a/%ann - ‘oramy Aagsueduy prot




will not vary as much as in the situation considered in Figure 3-18. An
exception is a flush~head or countersunk fastener in which the head is
practically unconstrained against rotation. But, the FDFA code is currently

restricted to protruding head fasteners.

3.12 Effect of Fastener Size

The effect of fastener size on the through-the-thickness load distribution

is shown in Figure 3-19. The example assumes two 0,125 inch thick steel plates
to be joined by a steel fastener in a single ghear configuration. The head and

nut locations of the fastener are assumed to be unrestrained (zero momernt

conditions), Figure 3~19 indicates that for D/t1 values that are greater than

or equal to unity, the fastener size has a negligible effect on the through-

the-thickness load distribution. For D/tl.z 1, the load intensity ratio varies

from ~2 to 4 as z/t1 varies from 0 to 1. But, for D/t1 values that are less

than unity, the fastener bending and shear effects increase with a decrease in

'Dltl. For D/t1 = 1/4, for example, the load intensity ratio varies frcm near
0 to 10 as z/t1 varies from 0 to 1. In these situations, the large fastener

displacements generally result in fastener failures.

"3.13 Effect of Fastener Material

Three fastener materials were considered for this study -- steel,

titanium and aluminum,

The effect of the material on the through-the-thickness

load distribution (load intensity ratio) is presented in Figures 3-20 to 3-22.

When D/t1 is greater than or equal to unity, the material has a negligible
effect on the load distribution. In this case, the fastener bzhaves like a
rigid fastener, and the differences amoag the moduli of the three waterials
have no effect on the load distribution. But, when D/t1 i8 less than unity
(1/2 4in Figure 3-21, and 1/4 in Figure 3-22), the fastener flexibility is
influenced significantly by the modulus of the material. In this caze, the
material with the lowest modulus (aluminum in the chosen example) yields the

largest load intensity ratio.

3.14 Effect of Stacking Sequence on Through-the-Thickness Load bistribution

When one of the bolted plates is a laminate, the stacking sequence in-
fluences the ply load distribution and consequently the joint strength. 7To
illustrate this, selected composite-to-aluminum tests from Reference 3-6 are
ccusidered. The selected test cases involve 50/40/10, AS1/3501-6 grapbite/

65

‘ ;

“

Y g

.
LR N

Rl BRIy

[ AR AN
.

Elacd XALNA

T

P

M o LR

Rl MR A IRn g gt L GV N P T RS 2 (R TS



01 g0

IR N BEIRCVOR P SR R A R L ¢

*uoFINqFIISTQ PROT SSIWYITYL u:hs:wnou:h.uﬁu uo 9zJg 19uz3I8B4 JOo 3IN3JII

*61-¢ @131y

{Bu- T JPUOD ueroE 013z) suoj3edor Inu

_pue peay ay3 v 3IEIoT 03 331) s} I9uaIsEd
€°0 = & ‘FSH OC = 3 YITN Jouaiswy 72335 _|

, -8y v:u —u =a:u«3 yowa noeo: o€

Aﬂuun uu:mdmu :u:« sz1°0 = T ERE
_ T yed uo. x g9°L = L3
umu:u uamz«n cﬁ owucﬁu Auoum.

o°‘u
T 096
N )
ok
5
89°L &
-]
[ )
R -3
“«
_ &
9.°S " .
- w
Tl we |

?(3j?3 n -




....v o..-\fl

: . . v . - JI4|1 Tv, K TN
oh .\.....u...px...u...(_ q...\ * A .... W.N‘n.i AT R

i.\b I‘I!
Yama A0 %t i

i

i

i

z =4y /a uoym [2jaaiel Jauaisey Jo 3I933)3 “0T-f 2In3TJ !
i

1

[}

1

01 8°0 9'0 2°0 z°0 0°0 :
Y | T | 1 I T | T . 08°Y ,
— E::«E:ﬁc.. . U
J
/ — vg°€ .
unjueIylL z
J
] 3
- o
12938 €°0 = & *YSH 01 = wnupunye, 88’z B
15K 91 = WFURITA_ ‘PSR OF = 19938, ] 3
SUOFIED0] INU pue pEIY Y3l lu 26°1 .m
Je 238301 03 331) 8] Iauaised M e S
= —U\Q U m
‘Ul 9/] = 3332uWelp 1auadise] 96°0 ~
. - .
- g
-
. ~
— 0'0 o
- e
J
-
— e
¢3 pue 13 upy3ya yoea sapou gg - 96°0
-
(11-¢ *81d) ‘urszico = 3 = I3 ~
¥8d 401 X 89°L =) <] Z6° 1~
aeays 3af8uys up sajerd 393§ -
J

88°Z-



.rs...\ ¢
- -b.. --!h.blu,.

= 13/a :u::,awﬁuuu: lauajsed jo 23331 “1T-€ 2an3ta

20 6°0.

\-a——WNUTWATY

, //V\.\ wnyueIylL

.m:o«uuuon u:: vcw peay

..Eu ua 333 03 u»uu n« uocauaum

- .5 c\- - uuuuaaﬁv uu:uunc.m,,

9L°s

. _U\nw

,."(471: n %-) 073wy A3ysuaiul peo]

%.:‘] 111 1J1 L 1 s la v el




13/q uays (era3sey 10u23sEyd JO 31033y *2Z-€ 2an314

ﬂU\N
61 8°0 9'0 %°0 0 0°0
I _ 1 \a 1 — T — 3
\
\
AlllllllllE::«E:a<
\

\
Vi

‘v unjueljl

122138

£°0 = & ‘¥8ii O = wnupuniy,
ISH 91 = wnyueltl; ‘1sW O = 1233sq

*SUOTIBIO] INU pue peay

ayl ¥ 23e301 03 331) S} Jaualsey
(9/1 = '3/Q) *up Zg/1 = 1939weyp 1auaysey
43 pue I3 uyy3ya yoes sapou g
(11-¢ "81d) ‘ur gz1'0 = %3 = I3

18d g0U X 89°L = %

283ys 313urs uy sa3e(d 2238

L e

.

llLllJJJillillllJJ_Llllll]_lllj

lJJlE

9°9]

071

o
.
o

o~
L]
~

©
.
3

L A4

0°0

(/'3 ny-) orary Kaysue3ur peoq

69




,of three dixferent. stacking sequences. The laminates are

The
nerefore, modeled as a 40—p1y plate with the following

_19Msi v -03andcz‘-085nsi. 'rhe"

O-ply lam nat e“ was ’
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SECTION 4

oy STRENGTH ANALYSIS OF SINGLE FASTENER JOINTS IN COMPOSITE STRUCTURES

‘;:ln Introduction

l'fTheltw ~dimensiona1 anisotropic plate analysis described in bection 2

(FIGEOM) and the finite difference fastener analysis described in Section 3
(FDFA) are 1nco po ated into a failure procedure to. develop a strength

alysis for single fastener joints in composite structures. A general

c, bolted plate.; Computed plate stresses are used to calculate

ld the bearing load. in each ply (see Section 3 5). The

cted failure criter;a to compute the ply (bearing) loads corresponding
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Fully-loaded hole

Figure 4-1, Schematic Representation of a General Single Fastener
Situation as a Superposition of Unloaded and Fully-
Loaded Hole Situations.
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*t Defiue properties and geo:}:rles cf the
bolted plltes lnd the f.ste-et .

Perforu s two-dtnen:ionnl stress analysis
.‘of each bBolted.plate (FIGEOH) for an
lslumzd joint I-ld

1

| Compute the inplane
.. |'stresses and the bear-
- 1ing load in each ply
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; Effective moduli of. L “.resse; per unit

the vnriout ply types Lo : bearing load in each
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inplane
failure cri-
eria
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bearing load for each

ply, for the various
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w'fn
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fInterlaminar shear
“ltrnin state.

nterlaminar
failure cri-
erion
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‘frjﬁigu;ev§{2. zFIoﬁchﬁft;for'thefstrength Analysis of
i “Laminates with Fully-ioaded Holes.
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to the various inplane failure modes. The selected failure criteria are pre-

sented in Section 4.4.

The effective moduli and the ply bearing loads correcponding to the
various fallure modes, for all the plies in each bolted plate, are incor-
porated into the fastener analysis described in Section 3, The initial
fastener analysis on the undamaged plates assumes the U terms for all the
plies to be zero (see Equations 3-"" to 3-28), and computes the distribu-
tidn of the applied bearing lr . among the various plies, Comparing these
1 loads with the store .ilure values for inplane ply failures, the
joint loau . ~v<-~t.auing to the earliest ply fallure 1is obtained. The
fastener analysis also computes approximate shear strain values at the inter-
facial locations between adjacent plies. Incorporating these into an inter-
laminar failure criterion, the joint load corresponding to the earliest inter-
laminar failure (delamination) is obtained, The smaller of the two joint loads,
corresponding to the earliest inplane and interlaminar failures, determines

the first failire in a bolted plate and the corresponding joint load value.

The effective moduli of the damaged plies are reset to appropriately
represent the predicted fallure modes, The revised moduli are incorporated

into the fastener analysis, and the procedure is repeated to predict the

' next failure mode and the corresponding joint load. When any ply is pre~-

dicted to fail totally, the analysis computes the redistribution of the
corresponding joint load among the remaining effective plies, and determines
if any other concomitant ply failure 4s precipitated, This process is
repeated until onc of the bolted plates becomes ineffective in transferring
the applied load (joint failure),

The SASCJ computer code is restricted to protruding head type fasteners,
and assumes that fastener failure 1is precluded, It can analyze any combination
of laminated &and metallic plates, bolted togethar in a single lap or double

lap configuration,

4,3 Strength Analysis Procedure for Partially-loaded Holes

A general fastener location in a bolted plate transfers a fraction
(@) of the total applied load via the fastener, the remainder (1-a) being
by-passed to the next fastener location (see Figures 1-1 and 4~1). 1In this
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fully loaded hole,when subjected to.a load of ¢, are com~

?puted separa ely and’ added. Incorporating the combined averaged stresses

X The two—dimensional analysi« (FIGEOM) is only
- see‘Section 4 2) But, in the case of partially~loaded
re will affect the unloaded and the fully~loaded hole con-

Hence, progressive failure prediction in

: stresses,{

‘)FTsai-Hil\,eriterion.,

The first two criteria predict

te in7unno 3 d;speeimen failure values (see Figure 4-4), a:s, es and e:rs
ns
)

re called characteristic distan’ls (see Reference 4-1). When o, (0 D+a
e ui ched tensile or compressive strength of the ply, as appropriate,




(1 - ) P ¢ ap @ S
P = Unit Load
—ns =S0
Clee ™ T1-a
1l-0) - \ > Q-
—~brg
O1_q
+
—us =50
% - Ta
a s> (1
—=brg
(¢]
o
D/2 + 4
-ns ons -ns -ns
c = ./- Ox(o,y) dy = Oy ot %
D/2
4.
oso
=50 /' —20 50
T - Txy (x,D/2) dx = Ti ot T
(4]
D/2 + dobrg
<brg f . =brg . —brg
c ox(x,o)dx l-0 + Oy
D/2

Figure 4-3. Strength Analysis of Laminates with Partially-

Loaded Holes using Average Stress Faillure

Criteria.
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The o value at this location determines

- net secticn failure

The T value at this
xy

location determines shear-
out failure

- X

The cx value at this

location detarmines.
bearing failure

The‘Charactetistic Distances used in the Point
Stress Fhilure Criteria

0 (o,y) dy determines net section failure

f fxv (x,D/2) dx

determines shear-out
failure

> X
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D/2 ;
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failure

.The' Characteristic Distances Used in the Average Stress
F‘ilure Cxiteria.“
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a net section ply failure is predicted. When cx(D + azrg’ 0) exceeds the un-
notched compressive strength of the ply, a bearing mode of ply failure is
predicted. When Txy (aio, D/2) exceeds the unnotched ply shear strength, a
shear-out mode of ply failure is predictci. The average stress failure
criterion predicts these failures based on averaged values of the mentioned
stress components over selected characteristic distances (dzs, dzo, and dzrg)
that are larger in magnitude compared to those used in conjuncticn with the

point stress criterion (see References 4-2 and 4-3, aad Figure 4-5)

0f the three ply failure modes, only the net section mode causes the
ply to become almost ineffective (total failure)., The bearing rode of
failure causes the ply to suffer a reduction in its effective modulus
without losing 4its load-carrying capacity., The shear-out mode of failure
causes a ply to become ineffective only when it is delaminated from the
adjacent plies (see Section 4,5). When a ply suffers any of the above
failures, its load versus deflection response is at the knee of the bilinear
representation in Figure 3-8. The damaged ply can carry additional lcad
until total ply failure is precipitated, The SASCJ computer code auto-
matically stores the damage state in every ply in the bolted plates, and re-
assigns values for ply moduli to approprlately represent predicted ply
failures. When a ply suffers total failure, its modulus 1s set equal to
zero (see Equation 3-11), and the redistribution of the joint load among
the remaining plies is computed, A typical overall load versus deflection
behavior of the joint is shown in Figure 4~6, indicating the effects of local
and total ply failures,

The maximum strain (fiber directional), Hoffman and Tsai-H1ll criteria
are applied along a path that is concentric to the fastener hole, at a
characteristic distance (ao) from the hole boundary (see Figure 4~7 and
Reference 4~4), The location along this path where the selected criterion
is satisfied determines the failurec location.. The maximum strain criterion

predicts fiber failure in a ply (total ply failure) when its fiber directional

strain exceeds the failure vaiue (ef? or giY),
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‘,Tatél ply
©.fatlure

Joint failure:
(failure of one ..
of the bolted

plates)

,ﬂ  Non-catastrophic failure
”gin a ply

“Juint Deflection

A,Sgﬁémafic 3é§reseﬁtétion-of the Overall Load"
Versus Deflection Response of the Joint..

Fésténer‘hdle
_boundary:

Eats

f'along”which the \ - oo
_failuregc‘iterion; \ o

.

iis aoplied

Thé Characteristic Distance (a ) Defining the

Region Where the Maximum Strain. Hoffman or
}qill "ritevion is. Anplied.-

| Flgure 4-7.




The Hoffwman failure critericn, based on inplane ply stresces, states
tha} total ply fallure will occur when the failure index (H) in the

following equation rz:ches a value of unity:

2 . . 2,. ,
(c1 clcz)lxckt + cl(kc-xt)/xcxt + czl‘cht + c, (&c—\t)/Yth L

2,.2
Cg/S" = H (4-1)

In the above equation, Ul' c2 an?d 06 are the ply stresses in the fiber
coordinate systen, Xt and Xc are the uniaxial tensile and corpressive
material strengths along the fiber direction (1), Yt end Yc are the uniaxial
tensile and compressive material strengt': perpendicnlar to the fiber

direction (2), and S is the material shear strength in the 1-2 plane.

In the SASCJ code, the Hoffman criterion is applied along a p2th that
is concentric to the fastener hole, defined by the characteristic distance
a, (see Figure 4-7). At selected points along this path, the following

expressions for the failure value of the ply load (Pf) are computed:

Pf = (-b + 2-48C)/23

where
2 2 2,.2 2
as= [(cl-cloz)lxcxt + oZ/YcYt + 06/5 ]/P1
e (4-2)
b= [(xc-xt)cl/xcxt + (Y, -Yt)OZIYth] /P (
c= -1, and

P1 = ply load at which cl’ 02 and O, are computed

The location where the smallest non-negative value fo1r Pf is computed

identifies the failure initiation point.

. The Hoffman criterion predicts total ply failure and the failure
location, but does not identify the mode of failure. The failure location,

though, generally indicates the possible faflure mode. Referring to

Figure 4-7, 1if failure is predicted near B-0°. a bearing mode of fsilure

is suspected. If the failure location is near 6-900, a net section mode
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does not: accountp
;ply failure loa

Interlaminl

of failure is suspected _ And, intermediate values of @ indicate a
}fshear-out mode of failure.i The Tsai~-Hill criterion can be obtained from

':Equation A 1 bv settlng X = X and \ = Y . 'This criterion, therefore.

or different strengths under tension and compression. The

'(P ) in this case is computed to be l/Vf_—(see Equation 4~2),

Faxlure Criterion

‘.between plies is predicted by incorporating computed

(4-3)

This

'fe shear strain is approximate. Plies { and j are assumed

exceeds a failute value.

:;3 The failure value for
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SECTION 5
STRENGTH PREDICTIONS USING THE SASCJ CODE

5.1 Introduction

The developed strength analysis for laminated and metallic plates
(SASCJ code) requires as input a few failure parameters and post-~failure ply
property degradaticns (see Section 4)., Section 5.3 describes how these
quantities are determined. Subsequently, the validity of the SASCJ code is
established by comparing its strength predictions with experimental measure-
ments (see Sections 5.4 to 5,6). Test results from Reference 5-1 are used
in the determination of the mentioned input properties and for establishing
the validity of the SASCJ code. Figures 5~1 and 5-2 present the geometries
of the bolted laminated and tetallic plates used in Reference 5-1, Table 5-]
lists the various static tests conducted in Reference 5-1.

5.2 Initial Studies On Failure Parameters For Laminates With
Unloaded (Open) Holes

The strength of laminates with unloaded or loaded holes has hitherto
been predicted based on a one~step procedure. The laminate or the individual
lamina stresses or strains are incovporated into a selected failure criterion
to predict the laminate strength. The procedure does not go beyond the first
ply failure when lamina stresses or strains are used to predict laminate
strength. This strength prediction procedure results in failure parameters that
are dependent on the laminate layup, and requires modificaiton of lamina

properties to preclude "non-critical" failures., Examples are presented below.

Consider a laminate with an unloaded (open) 5/16 in. diameter hole
subjected to static tensile or compressive loading. At the laminate level,
the two-dimensional laminate stress state around the fastener hole is in-
corporated into a selected failure criterion to predict the laminate strength.
The point stress and average stress fallure criteria have been used before for
this problem (see References 5-2 to 5-4). The characteristic distances for
net section, bearing and shear-out failures, respectively, that make SASCJ
predictions agree with the measured tensile strengths, for three laminate
layups, are preéented in Figure 5-3, The axial tonsile and compressive

strengths, and the shear strengths, of the laminate layups were computed
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STATIC TESTS CONDUCTED IN REFERENCE 5-1.
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TABLLE 5-1., STATIC T¥S1S CONLUCTED IN REFERENCE S5-1 (Continued)
N 3¢ ¢ TIGTOATE Wit TG ACM,
TIST | maemER OF - DIAMETIR! OIST  yypyu paRY FASTENER Of  [TOTAL LOACY  SPECTMEN BOCK | CSK
CSE | PLIES | O (ta)] Eltn) uu.J" MPBIR | DESCRIPTION| LOADING |RATIO  [IDINTIFICATION TYPE | OCPTH ROMRKS
» | jo.ms 0.9375] 2.50 | S1Bs6A-AB | -- Teasfon | 1 2.42,2.50,2.%8 3 -- /0.8
¥ ;20 lo.ms 0.9375; 1.875 | $18338.9 Csk.7 Tenston | !} 2.43;2.81,2.%9 s .10 218w
by 20 io.nzs 0.9375] 1.875 | mastssys | TH.Csk-V | Teatton [ 1 2.44:2.82,2.00 ] 10 aem
B 20 (0.9925 | 0.9975] 0.625 | SiRt6A-SA8 | -e Comp. 1 2.45;2.83;2.61 t - /b2 2184
» 20 io‘ms loms 1.2% : smu-w' - Comp, 1 2.48.2.54,2.42 F - v/ 218
0 20 109125 | 0.9375 1.875: Sipase-sAm .- Comp. ! 2.47;2.55:2.9 ] - new
) 20 lo.2s | 0.9375] 0.628 smu-w? - Tenston | 1 3.40,3.48;3.%4 t - w/0-2
; € 20 io.ms | 0.9375) 1.250 | sipaca-sa8 | - Tensfon | ) 3.00;2.49;).%) ¥ - w/o4
L 2 lo.mzs |o0.9ws| 2.50 | simed-sas - Tenston | 1 3.42:3.50,1 58 ¢ - w/n-e
' . ; 2 }o.nzs 0.9375 1.u/d | SIRI5Y | Con-T Tmml 1 3.43;3.91;1.%9 L 10 nev
L4 0 10.025 ) 0.938 1875 1 MASIISSYS | THiCareT | Temston 2.44;,3.52,3.0 s | 0 2nev
4 o Lo.aws| o.ezs | simes-sas | - Comp. 1 3.45;3.83;3.61 4 - W02 oW
A 0.3125 | 09375 1,250 | SIB464-5A8 = == Comp. ' 1.46;3.84,).02 f .- W/0=4 2iew
4 20 0.1125 | 0.9378) 1.078 | s10aca-an| - Comp. ' 3.47;1.85,.6 s - N
@ 20 0.2125 | 0.9375| 1.875 | Sipasa-sA8} - Terston | 1 107000270 .C07 s - Torque=0
80 2 0.312% | 0.9378] 1.875 | S1sasa-SAn| - Tertton | 1 1.A8;1.028;) Co0 ] - Torque=50
L)) 20 0.3125 | 0.937] 1.878 | si1sasa-sa8| - Tenston | 1 1.09;1.029;1.Co0 ’ - Torques150
82 2 0.2125 | 0.9378! 1.875 | 518454-548 - Tomston | ) h.410;1.830;1.¢50 » . Torques200
3 20 [0.3128 | 0.9975] 1.878 | $1p4s4-sa8 .- Comp. 1 7.A1;1.000;0.C91 s - Torque=0
4 | 20 10.3128 | 0.9378| 1.875 | 810464-5A8 - Comp. 1 1.991;1.845;1.A18 » - Torque=200
s 2 0.3125 | 0.9375) 1.678 | MASIIS5V8 | T;Csk-T | Temston | 1 1.892;1.046;1.A18 s .10 -
s ‘ 20 0.3128 | 0.9375) 1,078 | MASISBIVS-M T1;Csk-$ | Tenston | 3 1.093;1.847;1.A17 1} .07 -
L ow o 0.2128 | 0.9375) 1.875 | 513464-5A8 - Tensfon | 0 4.1:4.4;4.7 (] - -
@ . 2 |oms |o0.9sl 18] sisesas]  o- Temton | 1 308 0 | - -
9 20 0.1 o‘ms! 1.875 | $18464-548 .- Tensfon | ) $.1;8.3;5.% . . .-
Dev 0 20 omzs | 0.9075 1478 | Sleash-sas - Temston [ 1 1i8.3:0.8 s | - -
! 51 ' 20 'onz o.msf 1.875 | 518464-508 - Temton | 1 0:6.3:6.8 s - -
62 b 0.3125 | 0.9375] 1.878 | $10464-5A8 - Temston | 1 Ji0.3:0.8 ] - .
Q 2 0.3128 | 0.9375| 1.073 | 5183389 | Cae-t Temton | 1V 4.210.6:4.8 (] .10 -
o 20 0.2128 | 0.9375 1,875 | MASISE'VS-B T1;Csh-§ | Camp. ' 1.A12;1.832;1.C82 s .07 .
13 .} 0.3125 | 0.9378| 1,078 | m22-10-9 | At Terston | 1.983;1.833;1.C83 (] - .
“ 20 0.3128 | 0.9378] 1.078 | m23-10-8 | AR;Csh-T | Temston | 1.884;1.834;1.C86 » .10 -
Y 2 0.3125 | 0.9375] 1.875 | MS1ISSYS | T4;Coa-T | Comp. 1 1.963;1.838;1.C88 [} .10 .
[ 20 0.3125 | 0.9375] 1.875 | mstissve | T4;Csh-7 | Tenston | ) 4.3;4.6;4.9 » 10 ..
MOTE: A1) test casas have £/0=), W/D~6, protruding hesd steel fastaners torqued to 100 in-1bs, rece-tempersture dry test
conditions and stingle-lap configuration, wn etg specified atherwise.
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AILURE | POINT STRESS | AVERAGE STRESS
tavup' | TEsT case |AVERAGE FAILURE 3 4
(REF. 5o1) LOAD(KIPS) CRITERION CRITERION
(REF. 8-1)
3
50/40/10 T3 “12.0 8one - 0.0244a. [ .0 - 0.08 in.
‘ 0.146 in
70720710 90 20.8 Song - 0047 in | e, 0. .
5
30/60/10 04 10.3 Sne - 0.024 0. | 8y > 0.085 in.
Percentages of 0° 148 and 00° plies, respectively
2
am * 0.025 in. and -oso-o.oa in. for every case
3 X, . X and 8 =126, 150 and 45 ks, respectively
4 X,.X_ana S - 1865, 176 and 30 ksl, respectively
s

X' . xcnnd 8 - 98, 108 and 80 ksi, respectively

L wm-g s

B A AN ol S

-

Figure 5-3, Failure Parameters for the Laminate Level Prediction of
Static Tensile Strengths of Laminates with Unloaded (Open)

5/16 Inch Diameter Holes.
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‘Jihate‘theor\ and AQI/BSOl—ﬁ prnpcxties from Refvrence 5-5. The

’xvv qtrcngths arv “rcwonted in rlxurc S—u. Predictions in both cases

1t1\e,a1l\ to theihahé valuu, SlnLL the laminates fail in a net

ett on mudc The s vzluv for thc aVerge treés criterion is approximatelv

lhc tcnsile and comprossive strenbthq of the laminates with unloaded
5/16 1nch diameter holes can also be ‘predicted at the lamina level,
’ Thc p01nt or the average stress criterion (see

[Sdi-Hill or the maximum strain criterion

ufw‘and’w—b). thc anfnan,

Laminatc failure is assumed

he first maJor ply failure. When the Tsai-Hill cri-

vpoint and average stress criteria are used, the

‘are increased to twice the actual values, and the.

,1and compressxve strengths ) Tthree laminates with unloaded (open). 5/16 inch

kgidiameter holes.,;

The anove examplea cledrly indicate the need for the progressive ply

'fa11uru’wrocedurt incorporated in the SASCJ code, The one-step laminate

’ﬁ,level failnre prediction leads to the dependence of the iailure parameters on

*the laminate layup.r The one-step ply level failure prediction requires the

modification of actualzlamina properties.‘ The progressive failure procedure

AvinuSASCJ ﬁﬁovides ‘a means for using invariant failure parameters and ply

gradntion rates to predict the strength of bolted laminates. An

- example isfpresented below.,w
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LA, SOEALIN Trndaierlot

]

TAl POINT STRESS AVERACE 8TR
LAYUP' TEST CASE AVERAGE FAILURE (o] 2 ! 8 2538
(REF. G-1) LOAD(KIPS) CRITERION CRITERION
(REF. 8-1)
3
50740710 08 -13.4 8one = C.0190n, ®ong = 0.045 In.
4
70720710 101 -17.5 Song 0.028in. | @y, = 0.07 In
8
30/60/10 104 -10.8 8ong °0.028 in, O,ng © 0.085 in,
1
Percentages of 0° ,248 and 00° plies, respectively
2
%oang " 0.025 in. and %50 ° 0.08 in. for every case
3 X' X, and 8 - 128, 150 and 45 ksl, respectively
4 X,.X_ end S - 165, 175 and 30 ki, respectively
-1

Figure 5~4,

X, X, ond S = 95, 108 and 80 ksl, respectively

Failure Parameters for the Laminate Level Prediction of Static
Compressive Strengths of Laminates with Unloaded (Open) 5/16

Inch Diameter Holes,
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| AVERAGE'| = - .- CORRELATION PARAMETERS (INCH) .
TEST | FALURE. T :

: R AVERAGE

CASE |LOAD (kPS) _ MAXWMUM ,IPOINT STRESS | STRESS
(REF 5~!) (REF 8-1) FIBER STRAIN®|. ' CRITERION CRITER!ONG
- ‘o.c'n Sone = 0015 [agng = 0.035

‘ 'o - 0045 ;‘ _,;ﬁ. <0038 |agny=-0.11

' -o - 0.025 s 20015 |agnq - 0.038

X, .' ¢ -na s (0° p'y) 230, 267 aha 17, 3 ke, respectively

Inch Di: meter Holes.g.

'::_'x 1+ Xcand 8 (145° ply ) =100, 100 and 190 ke, respectively (moddied)
xc cnd s (90“ ply ) - 05 3. ° und 17.3 lul respectively (moditied)

»Fai‘i‘ure”“?arainbt'ers\for the Ply Level Prediction of Static
“Tensile Strengths of Laminates with Unloaded (Open), 5/16
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LAYUP AVERAGE CORRELATION PARAMETERS (INCH)
(% OF 0°, TEST | FARURE AVERAGE
:4::2.;) ©0° | CASE |LOAD (KPS) HLL 1 MA X BIUM 2|POWT STRESg ek
(REF. 8-1)| (MEF. 8-1) FISER STRAN CRITERION CRITERION
§0/40/10 08 -13.4 38,0013 8,-0.008 | 8,,,~0.013 |8,y =0.030
70/2071¢C AL/D ] -17.8 % «0.022 ug - 0.010 Bone * 0018 |80, - 0.041
30/60/10 104 -10.8 L «0.018 0y - 0.004 8ons ° 0014 |a,,,-0.020
! Only tiber directior:al and shesr faliures are pe: mitted
X, Y and 8 = 287, 10* and 17.3 kei, respectively
2 x" » 0.017 (ONLY FIBER FAILURE COMNSIDERED)
3

Figure 5-6,

[ ] «0.025, 2

OBRG

080

= 0.08 in.

X,. X, and 8 (0° ply ) = 230, 267 and 17.3 ksi, respectively
Xy Xcand S (+45°%ply ) « 100, 100 and 190 ksl respectively (modiied)
X, Xcand 8 (80° ply ) « 05, 38.9 and 17.3 ksi, respectively (modified)

5/16 Inch Diameter Holes,

Failure Parameters for the Ply level Prediction of Static
Compressive Strengths of Laminates with Unloaded (Open),
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’vrvrmindtioh of

failure Parametere

Cun«_dc a lu“1nate thd' txdn"tors an apnlled tensile or compressive

The strength of this

uFor each ply failure mode (net eectlon, shoar~out and beﬂring)' a

ult1m3te7

actcristic distance (a , a or a ), a k /k value and a'P

- 1nicxil ons 050 - ob !
i 5P v1lue ha»e to bﬂ determined Yigurc 5=7 prcsents the nine

parametcrs that yielded SASCJ prcdictions that agrced with the experirental

o:qervations and measurements in Reference 5~1, including laminate strength

nd’ ailure modes;‘ Note that only one failure parameter (a ) had to be

chang; d”to mak‘;predictions correlate ~accurately with meaqurements corres-—

nding to the’ 30/60/10 laminate. If the a ons value for the tensile-loaded

0‘ 0/10 laminate is’ not changed from the 0.10 irch value, only a 177 error.

";will‘result in;” 6. predicted strength (See Section 5.4).

Failure parameters based on. a linear ply behavior (k /k =0, PUItimat9

‘Tsai-Hill criterion or the maximum strain criterion
1n Figure 5 7

These values. corresponding to the fully-

‘le situation in Figure 5-5. They are also verykdependent

n the laminate layup.

Bdsed on the above results, 1t is concluded that the progressive failure

fﬂprocedure usingglhe average stress failure criterion and bilinear ply be-

‘i,havior is the best choice among the studied methods. Therefore, subsequent

$f'correlation studies are performed using this procedure with invariant failure

meters and ply degradation rates. ‘The invariant properties are obtained

ed on imposed correlation between SASCJ predictions and test measurements

cor esponding to’a double shear (full—bcaring) load transfer configuration.

SASCJ Strength Predictions for Laminates with Fully—[oaded Holes
‘in~a~Sing}e Shear,Load;Transfer Conf iguration

For ASI/BS _-6 grnphite/epox" laminatea, teated in Reference 5-~1, the

various failure parameters obtained through a trial and error procedure are

.

kA3 ‘.'J.'\ *a:‘.';:.'-:. ) j\\ L‘.'\- '-\ \ e }\ "\...),._(
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‘_\'L J- 11 J -
e M1
| ) SR ] —
ool
LAYUP CORRELATIO M
(% OF 05, | TEST | AVERAGE FALURE ATION PARAMETERS
$45°AND 90° | CASE LOAD (KPS) 1 MAXMUM 3
PLES)  [ReF. 8-1) (REF. 8-1) HLL FIGER STRANZ| AVERAGE BTRESS
" 50/40/10 82 4.748 8,+ 0005 | a,- 0085 800010
70/20/10 83 3078 8, - 0.12 8 - 003 84ng = 010
30/60/10 84 5.067 8, - 0.155 8, ~0.13 Bong ° 0-18
50740710 8s -6.404 0,-0.185| 8,- 0076 80e°0:10

Only fiber failwes and shear falures were permitted.
Xyo X . ¥, .Y, and 8 = 230, 267, 104, 10* and 17.3 ki, respectively

ct:‘ * 0.012 and cf"‘ = 0.017 (only fiber failure considered)

am-o.oza, 800" 0.08; ll, Iu' for net section, bearing and shear-out = 0.1 for all ply types;

P“ P * 1,02 and 1.50 for net section and bearing, respectively

P“" IP' ftis! = 1.12 snd 1.80 for shear-out unde: tension and compression, respectively

Xy, Xgana 8 (0° ply ) =230, 267 and 17.3 ksl respectively
X.. X ond 8 (145°ply) = 40, 47 and 85 ksl respectively
X, X and 8 (90° ply) = 9.5, 38.0 and 17.3 ks, respectively

Figure 5-7. Characteristic Distances and Ply Degradation Parameters for
Laminates with Fully-Loaded 5/16 Inch Diameter Holes,

Subjected to Static Tensile and Compressive Loading in
Double Shear,




These 1nr1ude the characteristic distances (a ons = 0.10

_listed in Figure 5-7.
: ? VFO 075 inch, and a- bsg 0 08 inch), the ply modulus change

» ecorrtspondinb to ever\ failure mode (k /k1 0.1 for net section, bearing and
”e- shear out),.and the ultimate-to—initial ply failure load ratio for each

SO for net section and bearing. and 1.12 and 1.80
= The Pultimate/

Is shear in) area under this loading condition. But, for

”:_ion studles PUltlmatE/ initial is assumed to be 1.12 for =

of plv failure,blrrespective of the loading mode. This

,nstant fallure parameters when strength predictions

,nder compressive loading, will be reduced if Pultimate/

iv 'ply failures are presented by considering test case 2 in Figure 5-8
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ODOUBLE BHEAR SINGLE SHEAR

LAYUP
(% 0°, t46°
AND 80°PLIES)

TESY | FAILUPRE LOAD (KIP8) | TEST | FAILURE LOAD (KiP8)
CASE cAsE EXPT

EXPT, *
(REF. 6-1) (ReF. 8-1) | ANAL"  (Rer.e-1) (REF. s-1) | ANAL.

60/40/10 82 4.768 4.87 2 4.01 4.08
T0/20/1%0 83 3.98 3.04 21 4.08 4.04
30/60/10 4 8.97 4.97 22 8.18 6.08

%ane’ %obrg* %oso
i,lu' s 0.1 tor ail tallure modes
[ 4 u IP“"' = 1.02, 1.80 and 1.12 tor ns, brg and eo, respectively

Figure 5-8, SASCJ Predictions for Sample Laminates with Fully-Loaded
5/16 Inch Diameter Holes, Subjected to Static Tensile
Loading,
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© . GRIEPLAMINATE

< 'DOUBLE BHEAR

SINGLE SHEAR

(REF. 8-1)

AILURE LOAD (KIPS) | TEST .| FAILURE LOAD (KIPS)
: CASE "
. ] EXPY. .
"‘“ (REF. 8-1) ANAL.

-a.23

T )

24

~5.48

~8.13

-4.07

-4.30

-4.07

Loading. . :

SASC.?"‘frédi;é'tisﬂs"f'or Saﬁplé Laminates with Fully-Loaded
-5/16 Inch. Diameter Holes, Subjected to Static Compressive




In this sample situation, a static tensile load is transferred from a laminate
to aluminum in single shear, via a 5/16 inch diameter steel fastener. The
laminate is made up of AS1/3501-6 graphite/epoxy, and has a 50/40/10 layup
defined by [(AS/O/'—-AS/O)2 /0/90]5. Its E/D and W/D values are 3 and 6,
respectively. Table 5-2 presents the SASCJ input data for this test case.

The tensile and compressive strengths, and the inplane shear strengths, for
the four ply types (with fiber orientations of 0°. 450. -45° and 900) were
obtained using available AS1/3501-6 graphite/epoxy properties and laminate
theory, Referring to Figure 3-8, the bilinear load versus deflection be-
havior was defined by assuming k /k = 0.1 for all the failure modes, and
Pultimate/ initial was assumed to be 1.02, 1.50 and 1.12 for the net section,
bearing and shear-out modes of ply tailure, respectively, The rotational
constraints at the fastener head and nut locations were represented by

assuming Rl and R2 values to be 1012 (see Equation 3-16).

Table 5-3 presents the results predicted by the SASCJ code for the A
problem defined above. Nodes 1 to 30 are within the aluminum plate, and
nodes 31 to 70 are within the laminate, SASCJ predicts a net section failure
in the 90° plies to be the first failure. This is followed by shear-out
failures in -45° plies, net section failures in the +45° plies, total failures
of the 90° plies, shear-out failures in the 0° plies, etc. At 4.744 kips,
total failure of the lamipate is predicted., The predicted failure load is
within 5% of the average measured value of 4.914 kips in Reference 5-1, Also,
Table 5-3 indicates that laminate failure is predominately precipitated by
shear-out failure in the 0° and -45° plies, and 18 accompanied by net section
failures in the 90° and +45° plies. The primary mode of failure observed in
Reference 5=1 is the predicted "partial shear-out" of the laminate.

5.6 SASCJ Strength Predictions for Sample Laminates with Partially-
Loaded Holes == The General Sinzle Fastener Situation

Laminates with partially-loaded holes are analyzed by superimposing
solutions for the corresponding unloaded (open) and fully-loaded hole prob-
lems (see Section 4.3), Section 5,3 discusses how the various failure para-
meters are obtained. Using these parameters, SASCJ is used to predict the

strength of three laminates subjected to partial fastener loads, Figure 5-10
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INUALID

DSNARE s *YF 42463, SASC.. SL.AVSS41 . DATAY
1hE: MUABER,"NONUR ASSURED -

49,03

‘.o‘..o‘..n‘
1.01,1.01,1.01
0.1,0.5,0.1
9.1,0.1,6.1
.olp.o‘..o‘,
0.1,0.1,0.1

: +02,1.50,1.12

9. .lZ
STEEL
30.006 0.3
9.3128
1.0012
1.0012
0.15625,0.1562S
1.8 -0.937
1.8 0.937§
1.8 6.9378 -
1.8 =0.937%
.- 3.8 -8.937%
3.8 0.9378
=0.9375-0.9375
~9.9378 -. 9378
€MD OF DATA
READY

j 0.3.0.5.0.1 ‘
~y:.:o +0:025,0.08

.ﬂ!.!..-ﬁ!.!...ﬂ!.l.’.l!

230.03,326.03,320.03,17.303
:58.03,56.03,95.03
03,56.93,56.03, ﬂ‘-b!
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TABLE 5-3. SEQUENTIAL FAILURE PREDICTION CORRESPONDING
TO THE DATA IN TABLE 5-2,

FAILURE MODE ABBREVIATIONS:

ND o NO ADDITIONAL DAMAGE AT CURRENT JOINT LOAD
L o DELANINATION

€0 o SHEAR-OUT

IR « BEARING

MS o MET SECTION

€UDe ULTIMATE FATLURE AFTER SO AND DL
SU o ULTINATE vAILURE IN SO

U = ULTIMATE FAILURE IN DR

NSUs ULTIMATE FAILURE IN NS

ULTe ULTINATE FAILURE

INCREMENT MO JOINT LOAD  MODE PLY TYPE nodE
1 0.3640+04 “ $0.000 DECREE us
2 0.364D¢04 nD
3 0.3670+04 so 90.004 DEGREE ns
‘ 0.367D+04 D
s 8.371D+04 st 90.000 DECREE NS
6 0.3710+04 ND
? 0.374D¢04 s2 90.000 DECREE s
8 0.3740+04 nD
9 .5870404 » 45,090 DECREE $0
10 0.3870+04 "D
11 0.3920+04 3 -45.000 DECAEE $0
12 0.3920+04 nd
13 0.420D¢04 n 45.000 DECREE e
14 0.4200+04 "D
15 0.422D¢04 N 0.0 DECREE $0
16 0.4220+04 "o
17 9.425D+04 k) 45.000 DECREE "s
18 0.425D¢04 ]
19 0.4270+04 43 ~45.000 DEGREE $0
20 0.427D+04 o
1 0.4230404 % 0.0  DECREE $0
22 6.4280404 N0
23 0.431D004 7] ~45.000 DECREE 50
24 0.431D+04 D
2s 6.432D+04 o 96.000 DeCREE NSy
26 0.4320+04 "D
2? 0.4330+04 so 90.000 DECREE nsy
2t ©.433D+04 "
29 0.4350404 1 90.200 DECREE nsy
e 0.4350+04 D
31 0.436D+04 52 90.000 DECREE nsy
32 0.4360+04 37 0.0  DECREE 50
23 0.436D+04 D
3 0.440D404 s 0.0  DECREE $0
35 0.440D+04 no
26 0.4520+04 » 45.000 PECREE NS
37 0.4520404 "D
s 0.4530+04 " 0.0 pEcRLE 50
39 9.453D404 ND
0 0.456D+04 ') 45.000 DECREE ns
41 0.456D04 nD
e 0.456D+04 @2 0.0 DEGREL $0
43 0.456D¢04 "o
. 0.4620404 $? ~45.000 DECREE $0
. 0.4620404 D
46 6.464D404 S8 ~45.000 DECREE $0
a 0.464D+04 nD
] 0.466D+04 as 0.0  DECREE $0
49 0.466D+04 D
1] 0.469D+04 . 0.0 pECREE $0
st 0.4690404 nD
$2 0,472D404 L) 0.0 DECREE $0
$3 0.4720+04 D
$4 0.4720+04 (13 ~45.000 DECREE $0
ss 0.4720+04 "D
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SEQU.F.NTIAL*FAI-LURE;PREDI CTION CORRESFONDING
“TO THE DATA-IN TABLE 5 -2, {CONCLUDED)

- 1ABLE 53

" ei4730e04 §6  -45.000 DESREE s0

.56
57 0.4750404 o no
. 9.474De04 © . 4F T 0.0 DEGREE 50

(@ 4T4D004 MD
4740004 7 31 - 45,000 DECREE NSU
AT4De08 45,000 DEGREE NSU

: _ .. 8.0 DECRRE 50
. DEGREE . $0
DEGREE $0
. DEGREE $0
- DEGREE - $0
" DEGREE . $0
DEGREE ]
® DECREE NSY

o DEGREE
DEGREE
.. DEGREE
PEGREE
. . DEGREE
| DEGREE

L 0,474D084
S 0.474De04

0.474D004
47490004 .
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bolt j
FINAL FAILURE LOAD
BEARING/ (KiP8)
LAYUP | TEST CASE | 1oraL LOAD —
. XPT.
(REF, 8-1 (REF. 8-1) ANAL..
80740710 86 0 12.0 3.1
a7 0.167 10.7 10.0
88 n.288 10.1 8.32
8 0.378 0.44 7.02
2 1.0 491 474

Figure

® for the fuli-bearing and the open hole cases,

Sedrg’ Yene

» 0.10, 0.028, 0.08 larh, respoectively

k,/h, © 0.1 for ne, brg 8nd 80 falivre modes fer al! ‘sly types

ult

[ 4 "

Ply properties ere preseried In Figure -8

5-10.

initial

1.02, 1.80 and 1.12 for ne. brg ané se, respestively

- e e e =

?'.otal

Comparison of SASCJ Predictions with Experimental
Measurements for 50/40/10 AS1/3501-6 Laminates

with Partially-Loaded 5/16 Inch Diameter Holes,

Under Tensile Loading.
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‘compares SASCJ predictions with experimental measurements (Reference 5-1)
ien a te‘silnjload is applied on 50/40/10 ASI/3501-6, graphite/epoxy lami-
' adec 5/16 inch diameter holes. SASCJ predictions

‘re presented in Figure 5-11. The maximum

tter . correlation betueen test and analysis is

\k/60/10 laminates with partially-loaded holes

'q4aiidates the use of SASCJ for predicting the

carrelaiion in Section 5.4,
ngth of bolted laminates. P
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e " tota.

FINAL FAILURE LOAD
BEARING/ (KiPS)
LAYUP |TEST CASE | yorAL LOAD ——
REF. 8~1) .
¢ (REF. 1) ANAL.®
70/20/10 90 0 20.8 18.3
01* 0.187 15.9 10.8
92" 0.288 12.0 .37
03" 0.376 11.6 1.70
21* 1.0 4.08 4.04

® For the fuli-bearing and open hole cases,
o " 0.10, 0.028, 0.08 Inch, respectively

s
Sons * obrg’ Ses

u,n. s 0.1 for ne, brg and so fallure modes fer all ply types

ult » nitial

[ 4 /

1.02, 1.80 and 1.12 fer ne, brg and se, reepectively

* Yests were conducted with countersunk stee! fasteners (tension heoad,
SOUAtersunh depth = 0.1 inch)

+
* Yests wire conducted with protruding head, otes! fasteners

Figure 5-11. Comparison of SASCJ Predictions with Experimental
Measurements for 70/20/10 AS1/3501-6 Laminates
with Partially-Loaded 5/16 Inch Diameter Holes,

Under Tensile Loading,
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|. FINAL FALLURE LOAD
B (KIP8)

ExPT. | .
IRer. 8- | ANAL.

103 | - 8.40
008 L 7TEt
Ce % ] 118
863 | €.80
8. 4.58

to n. N. -nd n. nuoounly

‘oa. .so .nc 1.9

' : ," Tests -ou conlucud -m cunuuunu. mulun luuuou
(oun' hou. oouuuun Cutu « 0.07 inoh)

22 Yests were send cyu_-mo .nlru( ,‘““' stesl fastenere

Compatison of SASCJ Predictions with Experimental

'fPartially—Loaded 5/16 Inch Diameter Holes, Under

< Pu‘n‘.al

“'Measurements for. 30/60/10 AS1/3501~6 Laminates with
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FINAL FAILURE LOAD
LAYUP |TEST CASE | yoraL LOAD
(NEF. 8-1) EXPT. .
(ner. s-1) | ANAL.
860/40/10 08 v -13.4 -14.2
09 0.2 -14.1 -11.8
100 0.33 -11.8 -11.0
] 1.0 ~-5.48 ~4.97

* For the tuli-dearing ccee,

for all
, uit

Figure 5-13,

"

l“". 0“° © 0.10, 0.028, 0.03 inch, respectively

agtny ® 0.1, 0.1 and 0.1 for ne, brg and so fallure modes, respectively,

ply typas

initiat 1.02, 1.860 end 1.12 for ne, brg and se, respectively

Comparison of SASCJ Predictions with Experimental
Measurements for 50/40/10 AS1/3501~6 Laminates with
Partially~Loaded 5/16 Inch Diameter Holes, Under
Compressive Loading,
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|- FmAL FALURE LOAD
(KiP8)

1 exer.. | .
(Rer. 8-1) | ANAL.®

-8 | -19.3
=18.7" =12.2
12,4 | -8.09.
<588 .| -4.30

.08. . 00 "i tl tor n. Du and se, respentively

o unducud -m uuuuunh steet !uunu (tension unl.

retruding t“,“‘ iuﬂ tasteners

- SASCJ Ptedict:lona with Experimental
‘ for 70/20/10°AS1/3501~6 Laminates with
:Partially-l.o ded 5/16 Inch D:lametet Holes, Under
‘Compreu‘aive Loading. P




10e R - * Pl'nal

FINAL FAILURE LOAD
BEARING/ (KIPS)
LAYUP |TEST CASE| yoraL LOAD

(REF. -1) EXPT. .

(REP. 8-1) ANAL.

30/80:10 104 (4] -10.8 -0.46

109s5°* 0.2 -10.8 -10.3
108° 0.33 - 8.64 -9.73
24 1.0 - 6.13 -4.97

¥ or the tull- bDearing case,

s ©0.10, 0.028, 0.08 iach, respectively

ons * ®edrg® %ese
kK, ® 09,00 and 0.1 for ne, brg and se fallure modes, respectively,

for sil ply typee

P'“ I""'"" 1.02, 1.60 and 1.12 feor ns, brg and se, respestively

Tesls were conducted with countersuak, titanlum fasteners
(shoar head, countersunk depth » 0.07 Inch)

** tests were conducted with pretruding hesd, atee! fasteners

Figure 5~15, Comparison of SASCJ Predictionswith Experimental
Measurements for 30/60/10 AS1/3501~6 Laminates
with Partially~Loaded 5/16 Inch Diameter Holes,
under Compressive Loading.
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~ SECTION 6

" CONCLUSIONS

.iAGéEréhgﬁﬁwanaiysis (SASCJ)7was‘develo?ed for laminated and/or metallic

This. analysis includes a two-

ing’ vailable numerical and analytical solutions. SASCJ strength

me: ‘sﬁin th rstrength predictive capability. It e~
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plates suffers total failure (joint failure). It predicts the failure
modes at the ply level, accounting for a realistic combination of many

failure modes in the bolted laminate.

(4) The invariant failure parameters, required as input by the SASCJ code,
are obtainable from a limited number of tests on bolted laminates in a
double shear load transfer configuration. These include the character-
istic distances for the average stress criteria and the k /k and

ultimate/ initial ratios for net section, bearing and shear-out

failure modes. Thir report includes failure parameter values for the

AS1/3501-6 graphite/epoxy material system. For a different material

system, only a few double shear, full-bearing tests have to be coun- !

ducted to determine the applicable failure parameters.

(5) The SASCJ code can p;edict the strength of an isolated single fastener
region in a laminate bolted to another plate using many fasteners, pro-
vided the fastener load is known. The SASCJ code can, therefore, be
directly combined with a two-dimensional load distribution analysis
to predict the strength of laminates bolted to other structural elements
using many fasteners, This strength analysis of multifastener joints in .
composite structures is currently under development in the ongoing ﬁ/’f

Northrop/AFWAL program.

(6) The SASCJ code is currently being used to develop a design guide for
bolted joints. Expressions are being developed to quantify the effect
of fastener torque on the joint strength, The effects of the geometry
and the properties of the bolted plates and the fastener are being
systematically studied, Obtained results are being analyzed and trans-

lated into applicable design guidelines,

The above accomplishments of the SASCJ code represent a significant
improvement over the currently available strength analysis code (BJSFM).
Nevertheless, SASCJ does contain a restriction and a limitation that should
be addressed in future developmental efforts. The code is currently re-

stricted to a protruding head fastener geometry, and cannot predict the

effect of a flush-head (countersunk) fastener geometry. Also, the fastener ' );/’
bearing load 1s always assumed to be cosinusoidal in form, and is assumed -
/"
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ver half the hole boundary., This results in a state of stress that
‘is notivery ccurate near the hole boundary.‘ The computed ply stresses are,
i dceu 1y at’ planform locations that are at least a laminate
1e ¢ ,'ej;But, failurn predictions are based on
teristic distances that are smaller or nearly

o_the laminate thickness. This leads to an
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